The conjugational transfer efficiency of 41 wild-type R-plasmids was studied in Escherichia coli K-12. Type I R-plasmids were transferred at comparatively high and rather uniform frequencies, whereas type F R-plasmids showed less uniform and, on average, somewhat lower transfer frequencies. R-plasmids not mediating sensitivity to F-, I-, or N-specific phages showed moderate transfer frequencies, and type N R-plasmids showed very low transfer frequencies. Various lines of evidence suggest that a well-expressed, but functionally inefficient, conjugation apparatus is the cause of the poor transfer of type N R-plasmids in liquid medium. Nalidixic acid efficiently inhibited transfer of type I and particularly type F R-plasmids, whereas the transfer of type N plasmids was resistant to the drug. Type F and type I plasmids appear to depend on at least one host function for their transfer, namely, the nalidixic acid-sensitive reaction in vegetative chromosome replication, whereas type N plasmids are independent of this function.
The conjugational transfer efficiency of 41 wild-type R-plasmids was studied in Escherichia coli K-12. Type I R-plasmids were transferred at comparatively high and rather uniform frequencies, whereas type F R-plasmids showed less uniform and, on average, somewhat lower transfer frequencies. R-plasmids not mediating sensitivity to F-, I-, or N-specific phages showed moderate transfer frequencies, and type N R-plasmids showed very low transfer frequencies. Various lines of evidence suggest that a well-expressed, but functionally inefficient, conjugation apparatus is the cause of the poor transfer of type N R-plasmids in liquid medium. Nalidixic acid efficiently inhibited transfer of type I and particularly type F R-plasmids, whereas the transfer of type N plasmids was resistant to the drug. Type F and type I plasmids appear to depend on at least one host function for their transfer, namely, the nalidixic acid-sensitive reaction in vegetative chromosome replication, whereas type N plasmids are independent of this function.
Nalidixic acid (1-ethyl-1,4-dihydro-7-methyl-4-oxo-1,8-naphtyridine-3-carboxylic acid) is a synthetic compound bactericidal against most gram-negative bacteria. Its chief target of action is bacterial deoxyribonucleic acid (DNA) synthesis. Although the precise mechanism of its action is still not known, a recent study suggests that, in Escherichia coli, nalidixic acid interferes with the conversion of intermediate-sized DNA fragments into high-molecular-weight DNA (12) . The inhibitory effect of nalidixic acid was first studied in vegetative chromosome replication in E. coli (5, 19) and later in chromosomal DNA synthesis during conjugation (3, 6, 18, 20, 22) , as well as in transfer DNA replication of the plasmid F'lac in E. coli (1, 10) . During studies of the bacteriology of infected burns, nalidixic acid was shown to suppress the transfer of an R-plasmid between two strains of gram-negative bacteria in mice with mixed wound infection (27) . The drug also inhibited the in vitro transfer of a type I R-plasmid (17) .
Conjugative plasmids in gram-negative bacteria can be divided into three main groups, F, I, and N on the basis of their sensitivity to the various fertility-specific phages mediated (see below). The aim of this investigation was to look for further differences between sex factor types by comparing the individual transfer efficiencies of 41 different wild-type R-plasmids in an E. coli K-12 host and to study the influence of nalidixic acid on their conjugational transfer. It was found that R-plasmids belonging to different fertility groups differ in transfer efficiency and in the degree of transfer inhibition caused by nalidixic acid. Type N R-plasmids were unusual and showed very low transfer frequencies in liquid conjugation experiments. In addition, the transfer of type N R-plasmids was found to be resistant to a considerable level of nalidixic acid (100 ,ug per ml, which is 50 times the minimum inhibitory concentration [MIC] for the host cell). The transfer of type I and, in particular, type F R-plasmids was strongly inhibited by nalidixic acid.
The transfer of type N R-plasmids was studied in greater detail. The results obtained indicate that the low transfer frequency of type N R-plasmids is not due to strong repression of their fertility functions but, instead, a poor ability of their conjugation apparatus to establish mating pairs in liquid medium.
MATERIALS AND METHODS
Organisms and R-factors. Most of the different Rplasmids studied were isolated from gram-negative bacteria in clinical specimens and characterized with regard to sex pilus type and fi ability as described in the accompanying paper (9) . The R-plasmids Rl, Rldrd-19, R15, R46, R64, R128, R64drd-11, and N3 were kindly provided by Naomi Datta, London. The strains of bacteria used were all E. coli K-12 (8) . Bacteria and phages were from the stock collection of this laboratory.
Media and growth conditions. The liquid medium routinely used was LB of Bertani (2) , and most plates contained PDM agar (AB Biodisk, Stockholm), especially designed for antibiotic sensitivity R-PLASMID TRANSFER AND NALIDIXIC ACID testing of bacteria. The minimal medium used was medium E of Vogel and Bonner (28) . It was supplemented with 0.2% glucose plus 25 jig of i-amino acids per ml, as required, and solidified by the addition of 1.5% agar. All incubations were performed at 37°C, and growth was recorded by using a KlettSummerson colorimeter with filter W66. One hundred Klett units corresponded to about 4 x 108 bacteria per ml of LB medium. Plating of phages was performed as previously described (8 
RESULTS
Transfer frequencies of different R-plasmids. Figure 1A shows the transfer frequencies obtained with 41 wild-type R-plasmids (having repressed fertility functions) in the 30-min conjugation experiment. The R-plasmids are here grouped according to the sensitivity to the donor-specific phage mediated: F, I, N, and unknown. R-plasmids with "unknown" fertility type did not enable propagation ofthe F, I, or N donor-specific phages employed, i.e., phages MS2 (14) , Ifl (24) , and IKe (23), respectively (see reference 9).
It can be seen that the 12 type I R-plasmids are transferred more efflciently than the others. Their transfer frequencies are rather uniform: on average, 1.4 x 106 R+ recipients per ml (2.8 per 1,000 input donors). The mutant Rplasmid R64drd-11, which is derepressed with regard to fertility, gave 2 x 107 R+ recipients per ml and was thereby transferred 10 times more efficiently than its wild-type (fertilityrepressed) parent R64.
The 10 type F R-plasmids were transferred at somewhat lower and less uniform frequencies than the type I plasmids, giving an average frequency of 7 x 105 R+ recipients per ml (1.4 per 1,000 input donors). The I group contained two fi+ plasmids, and the F group had one fiplasmid, but the transfer frequencies of these unusual R-plasmids did not differ significantly from those of the other R-plasmids in their respective group.
It is also evident from Fig. 1A that the type N plasmids differ considerably from the I and F plasmids, having a much less efficient conjugational transfer. However, two R-plasmids (T30 and T31) were outstanding in this group, showing high transfer frequencies (4 x 105 and 106 R+ recipients per ml, respectively) compared with the rest of the N group, whose average was 2 x 104 R+ recipients per ml (0.04 per 1,000 input donors). The sex pilus phages specific for type F or type I plasmids do not form plaques on hosts carrying a wild-type sex factor of the corresponding type because of repression of sex pilus formation in most host cells (24, 26) , whereas R-plasmid mutants derepressed with regard to fertility, e.g., those isolated by Meynell and Datta (25) , are transferred very efficiently and allow plaque formation by their respective sex pilus phage. However, the inefficient transfer of type N R-plasmids appears not to be due to unusually strong repression oftheir fertility functions, since the type N-specific phage IKe was able to form plaques on hosts carrying the type N R-plasmids studied here, except for T30 and T31, in which the efficiency of plaque formation (EOP) by IKe was 0. The latter R-plasmids are also aberrant in their response to nalidixic acid (see below). Other experiments with Hfr strains as donors of type N R-plasmids also indicate that the latter do not have strongly repressed fertility functions (see below).
A fourth group of R-plasmids did not enable propagation of either F-, I-, or N-specific phages. As seen in Fig. 1A , these R-plasmids were transferred at frequencies between those of type N and type F R-plasmids, with an average of 1.6 x 105 R+ recipients per ml (0.3 per 1,000 input donors). Except for two inefficient plasmids (T18 and T28), further discussed below, the transfer frequencies of these untypable R-plasmids were rather uniform, suggesting that they do not comprise a heterogenous group. Figure 1B depicts (4, 21) . The nalidixic acid-sensitive step in transfer DNA replication of type F and type I R-plasmids thus seems to be carried out by the host cell DNA replication machinery, whereas type N R-plasmids appear to be independent ofthis host function (also, see below).
Further studies of type N R-plasmids. In most of the following experiments, the R-plasmid N3 was used for further studies of the inefficient and nalidixic acid-resistant conjugational transfer of type N R-plasmids. One possible explanation for their nalidixic acid-resistant transmission is that type N R-plasmids could mediate a general host cell resistance to the drug. This alternative appears to be ruled out by the fact that none of the R-plasmids studied here influenced the MIC of nalidixic acid for its host strain. Nor is a temporary tolerance to the drug (not revealed by MIC determinations) induced during the conjugational transfer of type N R-plasmids because, irrespective of which R-plasmid was carried, as well as in the absence of plasmids, 70 to 90% of the Dl rif cells were killed by the action of 100 ,ug of nalidixic acid per ml during the standard 30-min mating experiment. This observation also disfavors an inactivation ofthe drug due to type N R-plasmids as the explanation for their nalidixic acid-resistant transfer. It can, therefore, be concluded that, in a nalidixic acidsensitive host cell, transfer DNA synthesis of type N Rplasmids is resistant to the drug. It also follows that for type N plasmids this process is independent of the host chromosome replication function that is the lethal target of nalidixic acid in growing cells.
Since the conjugational transfer of N3 is resistant to nalidixic acid, it is possible that this process continues on the selective plates used here (containing nalidixic acid for donor counterselection; see Materials and Methods), resulting in extra R+ recipients in addition to those present after 30 min of mating in liquid. The low transfer frequencies of type N and certain other R-plasmids that have a nalidixic acid-resistant transfer apparatus may, therefore, still represent an overestimation. N3 was therefore transferred to the T6-sensitive strain X925 rif, which was the donor in matings interrupted by violent mixing followed by addition of T6 phage (multiplicity of 100 plaque-forming phage particles per bacterium) to prevent additional conjugation on the agar surface. This procedure did not reduce the transfer of N3, indicating that it mainly occurs in the mating liquid and not on the selective plates.
The low transfer frequency observed with N3 and other type N R-plasmids could be due to an unusually slow conjugational transfer of their DNA, a slow or inefficient expression of their tetracycline resistance, or difficulties in establishing a stable contact or communication between donor and recipient cells. The first alternative is ruled out by the results in Fig. 1B and by the fact that matings interrupted early in conjugation by violent mixing plus the addition of phage T6 yield N3-carrying recipients after only a few minutes, as normally occurs in Rplasmid transfer. The second alternative is also highly unlikely since a low transfer frequency is strongly correlated with type N plasmids but not with particular tetracycline resistance determinants. Moreover, the MIC of tetracycline for hosts carrying type N R-plasmids is not lower than that due to other R-plasmids (always greater than 1,000 ,ug per ml). The third alternative was therefore investigated further. Loss of motility can be thought to decrease the cell collision frequency and, thereby, mating pair formation in a liquid medium. However, none of the type N R-plasmids here studied had any influence on the motility of its E. coli K-12 host cell in conventional motility tests in soft agar (11) .
However, by using Hfr strains as donors of N3, its transfer was found to be increased by 100-to 1,000-fold as compared with F-donors ( Table 2 ). The presence in the donor, of the mutant type F R-plasmid Rldrd-19 that is dere- Type I R-plasmids were transferred at frequencies that were higher and more uniforn than those of type F R-plasmids. Seven typical type N R-plasmids studied were all transferred at very low frequencies. The present data could therefore reflect the presence of identical transfer units in type I R-plasmids and different transfer units among type F R-plasmids. This situation apparently parallels the one in compatibility grouping of type I (one group) and type F (four subgroups) R-plasmids (13) , suggesting a correlation between compatibility (vegetative plasmid replication?) and transfer replication of plasmids.
The highly inefficient transfer of type N Rplasmids found in liquid matings is apparently not due to strong repression of fertility. In contrast to wild-type I and F plasmids, all the typical type N R-plasmids studied enabled plaque formation by the appropriate donor-specific phage, indicating the presence of receptors for phage IKe on a large proportion of the host cells of type N R-plasmids. It is, of course, possible that two different N-specific surface structures are involved in N plasmid transfer and in adsorption of phage IKe, respectively. However, the fact that N3 showed the highest transfer frequency among the typical N plasmids (7 x 104 R+ recipients per ml, Fig. 1A Taken together, the present data suggest that a poor ability to establish stable mating pairs and not an infrequent expression of fertility genes is the main reason for the inefficient transfer of type N R-plasmids in liquid matings. Recently, Dennison and Baumberg (15) also arrived at this conclusion when they were able to increase the transfer frequency of two type N R-plasmids by using prolonged mating on an agar surface before applying antibiotic selection. These authors, therefore, suggested that type N plasmids have evolved to fit soil bacteria conditions rather than those of water organisms. So far, typical sex pilus-like surface structures have not been demonstrated on bacteria carrying type N R-plasmids, and phage IKe has been seen to attach directly to the envelope of such cells (7) . The poor ability of type N R-plasmids to establish mating pairs may thus be due to very short N-specific conjugation appendages.
The typical N plasmids were unusual also in that their conjugational transfer was resistant to nalidixic acid, despite the fact that their host cells retained their original sensitivity to the drug. Thus, the transfer of N plasmids appears to be independent of the host chromosomal DNA replication function that is the lethal target of nalidixic acid (see Introduction). The opposite seems to be true for type F and type I Rplasmids whose transfer was resistant to nalidixic acid only in mutant host cells that were highly resistant to the drug. Two R-plasmids, T30 (fi+) and T31 (fi-), included in the N group because they enabled propagation of phage IKe on their host cells, were different from the typical N plasmids in all other respects. The EOP by phage IKe here was 0, indicating repression of its receptor. The transfer of T30 and T31 was efficient and sensitive to nalidixic acid. These R-plasmids might be hybrid plasmids, consisting of genes involved in the formation ofthe N-specific surface structure incorporated into an unrelated transfer factor. ACKNOWLEDGMENTS Naomi Datta is thanked for gifts of R-plasmids. The skillful technical assistance of Onny Svensson is gratefully acknowledged.
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